Peripheral sensory afferents in the hand activate both excitatory and inhibitory intracortical circuits to potentially facilitate and prune descending motor commands. In this study, we characterized how afferent inputs modulate the excitability of cortical circuits in the leg area of the primary motor cortex by examining how stimulation of the tibial nerve (TN) at the ankle alters motor evoked potentials (MEPs) activated by transcranial magnetic stimulation (TMS). Resting MEPs in the tibialis anterior (TA) muscle were facilitated in response to heteronymous activation of the TN 45-50 ms earlier, whereas MEPs were inhibited at interstimulus intervals of 32.5-37.5 ms. Similar time-dependent modulation occurred in the soleus (SOL) muscle with stimulation of the homonymous posterior tibial nerve (PTN) at the knee. To determine the site of this afferent-evoked facilitation and inhibition (spinal or cortical), we compared the effects of afferent stimulation to responses evoked at subcortical sites. At interstimulus intervals where MEP facilitation was observed (near 50 ms), spinal H-reflexes and responses evoked from corticospinal tract stimulation at the brainstem were predominantly depressed by the sensory stimulus suggesting that the observed MEP facilitation was cortical in origin. At interstimulus intervals where MEP depression was observed (near 35 ms), brainstem evoked responses were depressed to a similar degree and, in contrast to the hand, this suggests that spinal rather than cortical circuits mediate short-latency afferent inhibition (SAI) of leg MEPs. When the MEP was facilitated by afferent inputs, short-interval intracortical inhibition (SICI) was reduced and intracortical facilitation (ICF) was increased, but long-interval intracortical inhibition (LICI) at a 100 ms interval was unchanged. In addition, sensory excitation increased the recruitment of early, middle and late descending corticospinal volleys as evidenced from increases in MEP facilitation at the corresponding I-wave periodicity. We propose that sensory activation from the leg has a diffuse and predominantly facilitatory effect on the leg primary motor cortex.
Integration of sensory afferent feedback into the generation of motor commands from the primary motor cortex is important given the severe disruption of gait and fine motor skills in patients with large-fibre sensory neuropathies (Rothwell et al. 1982; Sanes et al. 1985; Lajoie et al. 1996) . Although the process by which sensory inputs shape the activity of cortical networks is unknown, studies in monkeys have shown that both proprioceptive and cutaneous sensory stimulation can strongly excite or inhibit ongoing neuronal activity in the primary motor cortex during precise voluntary movement (Lemon, 1981; Boudreau & Smith, 2001) . In humans, altering sensory input to the motor cortex via repetitive peripheral nerve stimulation (Ridding et al. 2000; Knash et al. 2003) or transient limb deafferentation (Brasil-Neto et al. 1992) can temporarily alter motor cortex excitability as assessed by transcranial magnetic stimulation (TMS). Likewise, permanent nerve injury or limb amputation is thought to promote cortical reorganization , potentially via changes in the excitability of intracortical inhibitory interneurons that link functional motor areas (Jacobs & Donoghue, 1991; Schneider et al. 2002) .
Recently, several human studies using paired-pulse TMS techniques have examined how sensory afferent inputs from the hand influence both excitatory and inhibitory cortical networks of the primary motor cortex. For instance, when afferent inputs from electrical stimulation first arrive at the motor cortex, motor evoked potentials (MEPs) from TMS are depressed in what is called 'short-latency afferent inhibition' or SAI (Tokimura et al. 2000) . Since late descending corticospinal volleys are also depressed, SAI is thought to occur through supraspinal mechanisms (Tokimura et al. 2000) that involve both cholinergic and GABAergic systems distinct from networks producing short-interval intracortical inhibition (SICI) . Other forms of afferent-induced inhibition of the motor cortex include long-latency afferent inhibition (LAI) that occurs when afferent inputs are stimulated 200 ms before a TMS pulse (Chen et al. 1999; Sailer et al. 2002) and surround inhibition from vibration applied to adjacent hand muscles which reduces MEPs and increases SICI (Rosenkranz & Rothwell, 2003) .
In addition to the inhibitory effects of afferent feedback at the cortex, afferent input can strengthen ongoing EMG activity through a transcortical loop (for review see Christensen et al. 2000) . Muscle stretch and/or cutaneous stimulation in the upper and lower limb can access corticospinal circuits to facilitate the MEP (Nielsen et al. 1997; Petersen et al. 1998; Rosenkranz & Rothwell, 2003; Kessler et al. 2005) . Such facilitation is most pronounced in muscles supplied by the nerve, though similar changes can be observed in neighbouring muscles (Deletis et al. 1992) . In the leg, afferent feedback contributes to muscle activity and the long-latency reflex is thought to be involved in lifting the foot over obstacles and stabilizing the supporting limb in the stance phase of gait . In terms of cortical networks, MEP facilitation from hand muscle afferents is associated with a reduction in SICI, but paradoxically in an increase in long-interval intracortical inhibition (LICI) (Rosenkranz & Rothwell, 2003; Rothwell & Rosenkranz, 2005) . Increases in intracortical facilitation (ICF), a complex motor circuit whose origin is currently a matter of debate (Di Lazzaro et al. 2006) , occur in wrist motor areas following vibration of homonymous afferents , whereas increases in ICF measured from muscles of the wrist are only observed when antagonist muscle afferents are electrically stimulated (Aimonetti & Nielsen, 2001) . Currently, the role of sensory stimulation on intracortical networks in the leg area of the primary motor cortex has not been systematically studied.
In this study, we explored the time course of MEP facilitation and inhibition following electrical stimulation of the tibial (at ankle) and posterior tibial (at knee) nerves with the former having strong heteronymous inputs to ankle dorsi-and plantar-flexors (Pierrot-Deseilligny & Burke, 2005) . Conditioning TMS with a prior nerve stimulus produced bidirectional changes in the MEP with depression at short intervals (similar to SAI in the hand) and potentiation at longer intervals, the latter occurring at latencies a few milliseconds after the arrival of afferent inputs at the somatosensory cortex. Responses elicited with direct corticospinal tract stimulation were depressed by the peripheral nerve stimulus at both short and long interstimulus intervals, suggesting that the MEP inhibition from peripheral nerve stimulation was mainly spinal in origin whereas MEP facilitation was mediated by cortical circuits. Because the effects of leg afferent stimulation appeared to be mainly excitatory on the motor cortex, we examined if MEP facilitation was associated with decreases in the activation of cortical networks producing SICI and LICI and increases in the excitability of ICF networks. We also examined which excitatory cortical networks were activated by leg afferents, i.e. those involved in the production of earlier or later corticospinal volleys, by using MEP conditioning techniques at the periodicity of indirect (I) waves (Ziemann et al. 1998) . Parts of this study have been presented in abstract form .
Methods

Subjects
Nineteen healthy subjects (9 of whom were female) aged 21-53 years (29 ± 8 years, mean ± S.D.) participated in this study. All subjects gave written informed consent and the protocol was approved by the Human Ethics Research Board at the University of Alberta. The experiments conformed to the Declaration of Helsinki. Subjects were comfortably seated with the examined leg (17 right and 2 left) slightly bent at the knee and with the foot secured to a footplate. Responses were recorded in the left leg of two subjects because resting MEPs were more easily elicited compared to the right leg.
EMG recordings
Surface electromyography (EMG) was recorded from the tibialis anterior (TA), soleus (SOL) and abductor hallucis (AH) muscles using pairs of surface Ag-AgCl electrodes (Kendall, Chicopee, MA, USA). EMG signals were amplified 1000 times and filtered with a band-pass of 10-1000 Hz (Octopus, Bortec Technologies, Calgary, Canada) . EMG signals were digitized at 5 kHz using Axoscope hardware and software (Digidata 1200 Series, Axon Instruments, Union City, CA, USA) and stored on a personal computer for off-line analysis. During voluntary contraction, EMG from the target muscle was rectified, low-pass filtered using a 100 ms time constant (NL703, Digitimer, Hertfordshire, UK) and displayed on an oscilloscope. stimulus site was identified using a stimulation intensity that was slightly above threshold in the resting muscle. The coil was secured in place throughout the experiment and orientated to deliver anterior-posterior directed current in the brain. Single and paired pulses of TMS were delivered as described below.
Peripheral nerve stimulation
Peripheral nerves were stimulated using a constantcurrent stimulator (DS7A, Digitimer). The tibial nerve (TN), innervating the foot, was activated at the ankle with the cathode placed below the medial malleolus and a large anode on the lateral aspect of the ankle (0.2 ms pulse) as done by Yang & Stein (1990) . The TN intensity was 1.5 × motor threshold (MT) in the AH muscle or 2 × MT if the M-wave was < 0.1 mV at the 1.5 MT intensity. Stimulation did not elicit cutaneous sensation on the lateral side of the foot via the sural nerve. The posterior tibial nerve (PTN) was stimulated using bipolar surface electrodes in the popliteal fossa (Poon et al. 2008) to minimize current spread to other nerves. The PTN stimulus intensity was just above MT (1 ms pulse). The H-reflex in the TA muscle was elicited by stimulating the common peroneal nerve near the head of the fibula with the anode placed on the medial side of the knee just below the patella (1 ms pulse). This arrangement provided more diffuse stimulation (compared to bipolar stimulation) and was used to test general spinal cord excitability to the TA muscle.
Corticospinal tract stimulation
The corticospinal tract was stimulated non-invasively at the cervicomedullary junction in five subjects. In three of the subjects, it was possible to elicit cervicomedullary evoked potentials (CMEPs) with TMS to the brainstem, which is less disturbing than direct electrical stimulation. In these subject, magnetic stimuli were delivered using a Magstim 200 stimulator and a double cone coil placed over the inion of the skull with the current flowing in a downward direction (Taylor & Gandevia, 2004) . In the other two subjects, electrical stimulation of the corticospinal tract was done using a 100 μs electrical pulse (320-400 V, D185 stimulator, Digitimer) delivered through a pair of silver cup electrodes (10 mm diameter) fixed over the mastoids with the cathode on the left.
Somatosensory evoked potentials
Cortical potentials evoked by TN stimulation at the ankle were recorded with a pair of silver cup electrodes (10 mm diameter) placed on the scalp, with the anode over the vertex and the cathode 5 cm more anterior, a placement similar to that used in Nielsen et al. (1997) . The signals were amplified 50 000 times and were filtered between 2 and 1000 Hz. Usually 200-300 sweeps were averaged. The arrival time of the evoked potential was measured as the time of the first negative peak, referred to as the P40 (Hauck et al. 2006) .
Study design
Experiment 1: time course of afferent conditioning of TA MEPs. In eight subjects, heteronymous afferent inputs from the TN that innervates the medial and plantar surface of the foot were used to condition MEP responses evoked in the TA muscle. Electrical stimuli to the homonymous common peroneal nerve were not used because they strongly depressed the TA MEP, likely due to strong spinal inhibitory effects. The TMS intensity was set to approximately half the maximum MEP response in the resting TA muscle (0.2-0.6 mV). Fourteen conditioning-test intervals between the nerve stimulus and the TMS pulse were used from 25 to 100 ms (see Fig. 1 ). Six conditioning TN stimuli were delivered at each conditioning-test interval intermixed with 12 single test stimuli. For all trials, the time between consecutive stimuli was 5 s.
TMS recruitment curves were collected for two conditions: without and with TN stimulation. The TN stimulus was delivered at a fixed conditioning-test interval that produced the largest MEP facilitation in each subject (at an ISI between 37.5 and 55 ms). Because absolute MEP amplitudes for a given intensity varied between subjects, the stimulation intensities used to produce the recruitment curves were normalized with respect to the resting TA motor threshold (RMT). RMT was determined before the recruitment curve was obtained and was defined as the lowest stimulus intensity that evoked a MEP with an amplitude > 50 μV in at least 3 of 5 consecutive stimuli (Perez et al. 2004) . TMS intensities were then increased from 80% to 150% of the RMT in steps of 10%, with five MEPs collected at each intensity.
Experiment 2: site of afferent-induced MEP inhibition and facilitation. To investigate the site (i.e. cortex or spine) of afferent-induced MEP inhibition at short ISIs (near 35 ms) and MEP facilitation at longer ISIs (near 50 ms), TN stimulation was also used to condition H-reflexes and CMEPs. Since TA H-reflexes and CMEPs in the TA muscle are more readily evoked in the precontracted muscle, all responses were collected while subjects maintained a tonic dorsiflexion corresponding to 10% of their maximum voluntary contraction (MVC). During tonic contraction, the time course effect of TN stimulation on MEPs and H-reflexes was measured in 10 subjects. The H-reflex was adjusted to approximately J Physiol 586.17 half the maximum H-reflex response (0.2-0.6 mV) to show both inhibition and facilitation following the nerve stimulus. To compare similar-sized responses, the TMS stimulus intensity was adjusted to produce small, but reliable, MEPs of 0.5-0.75 mV in the contracted muscle. Twelve conditioning-test intervals from 25 to 100 ms were tested for both MEPs and H-reflexes (see Fig. 3 ). For each experiment, six conditioning TN stimuli were delivered at each conditioning-test interval intermixed with 12 single test stimuli. SEPs were also recorded in nine subjects following TN stimulation.
TN conditioning of evoked responses from direct activation of the corticospinal tract were also examined in 5 of the 10 subjects (the majority in separate experimental sessions) to determine if the MEP inhibition and/or facilitation were cortical in origin. CMEPs were elicited by stimulating the corticospinal tract at the brainstem (see Corticospinal tract stimulation, above). For brainstem stimulation, the duration of the conditioning-test interval was increased by 3-5 ms to account for the transmission delay from the motor cortex to the cervicomedullary junction and to match the arrival time of the MEP and CMEP volleys at the motoneuron pool . Two ISIs were tested, one that produced MEP inhibition (near 35 ms) and one that produced MEP facilitation (near 50 ms). MEPs and CMEPs were investigated separately in a block of trials consisting of two randomly intermixed conditions (with test stimulus alone or conditioned by the TN stimulus), each with 10 responses. Responses were collected during voluntary contraction.
Experiment 3: intracortical mechanisms of afferentinduced MEP facilitation. Because it was determined that the major effect of leg afferent stimulation was to increase cortical excitability, we examined which cortical networks were associated with afferent-induced increases in MEP responses. The effect of afferent input on SICI, ICF, paired-pulse facilitation (PPF), LICI and I-wave facilitation was investigated using the appropriate paired-pulse TMS protocols (see below). These experiments were each performed at rest under two different conditions: with and without TN stimulation. TN stimulation was adjusted in each subject to a conditioning-test interval that produced MEP facilitation in the resting TA muscle (ISI near 50 ms), as described above. The afferent input was synchronized to arrive at the cortex at the same time as the test TMS stimulus as done by Aimonetti & Nielsen (2001) . Because activity of intracortical circuits and corticospinal recruitment depend on the size of the test stimulus (Ziemann et al. 1998; Chen, 2004) , the TN condition was also repeated (if necessary) with the test stimulus intensity adjusted (TS-ADJ) to match the MEP amplitude produced at baseline without TN stimulation.
The effect of TN stimulation on SICI and ICF was investigated in five subjects using a subthreshold conditioning stimulus preceding a suprathreshold test stimulus by 3 ms and 10 ms, respectively (Kujirai et al. 1993) . The conditioning stimulus intensity was adjusted to 90-95% of the active motor threshold (AMT). AMT was defined as the lowest stimulus intensity that elicited a distinguishable MEP > 50-100 μV in at least 3 of 5 consecutive stimuli in the tonically contracted TA muscle. For both experimental conditions, 10 trials were recorded at each paired-pulse interval intermixed with 10 test stimuli.
The effect of afferent stimulation on paired-pulse TMS facilitation (PPF: ISIs from 10 to 50 ms) and LICI (ISIs from 60 to 150 ms) was investigated using pairs of suprathreshold TMS in eight subjects in a different experimental session (see Fig. 4C ). The two pulses were given at the same intensity. For both experimental conditions, four paired-pulse stimuli were delivered at each interval intermixed with eight single-pulse test stimuli. LICI at 100 ms was further tested using a weaker conditioning stimulus such that the conditioned MEP was inhibited by approximately 40-60%. Ten paired-pulse stimuli and 10 test stimuli were delivered for each condition: without and with afferent input.
I-wave facilitation (also known as short-interval intracortical facilitation: SICF) was investigated in six subjects (5 recorded in the same session as SICI and ICF) using a paired-pulse protocol described by Ziemann et al. (1998) with a suprathreshold test stimulus preceding a subthreshold conditioning stimulus. Five interstimulus intervals were tested: 1.5, 2.9 and 4.9 ms to capture the peaks of the I-wave periodicity and 2.1 and 3.7 ms to capture the intervening troughs (Chen & Garg, 2000) . The first TMS pulse served as the test stimulus. The intensity of the second pulse was set to 95% of RMT. For both experimental conditions, a block of trials consisted of eight paired stimuli for each interval intermixed with 16 test stimuli.
Experiment 4: effect of posterior tibial nerve (PTN)
stimulation on MEPs in SOL. The effect of afferent input on cortical excitability to SOL was investigated in eight subjects. The afferent input was provided by stimulating the homonymous PTN in the popliteal fossa. The conditioning-test protocol was similar to that described in Exp. 1 with ISIs from 20 to 100 ms (see above). Five subjects showing MEP decreases at an ISI of 30 ms were further tested at a variety of intervals between of 24 and 40 ms (see Fig. 6 ). The TMS intensity was adjusted to produce SOL MEPs of 0.1 mV, which was approximately half the size of the maximum resting MEP response. Since MEPs in SOL are much smaller than the antagonist TA, we ensured that the SOL MEPs had a different latency and waveform compared to the responses recorded in TA. Recruitment curves of increasing TMS intensities were collected for both conditions: without and with PTN stimulation. The PTN stimulus was delivered at a fixed conditioning-test interval that produced MEP facilitation in each subject (at an ISI between 40 and 55 ms). TMS intensities were then increased from 88% to 124% of the RMT (in steps of 4%) and at 130% RMT to measure the maximum MEP responses, with five MEPs collected at each intensity.
Data analysis and statistics
The size of the MEP, H-reflex and CMEP was measured as the peak-to-peak amplitude of the non-rectified response. The level of background activity was measured from the rectified EMG in a 50 ms period before the stimulus and assessed to ensure there was a comparable level of EMG activity across conditions. Statistical analysis was performed on either the actual responses or after the data were expressed as a percentage of the test response. Both peak inhibition and facilitation were evaluated in each subject around the ISIs the produced significant changes in the MEP.
The time course of the effect of TN stimulation on resting MEP responses in Exp. 1 was adjusted in each subject to accommodate for differences in the time required for the afferent input to reach the motor cortex (see Fig. 1B and C) . The afferent-conditioned MEP profile (over all the ISIs) was first interpolated in steps of 0.5 ms using a linear interpolation technique. A given MEP profile was then shifted to the right or left by an amount that was equal to the difference between a subject's MEP latency in the AH muscle and the latency of the group average, which was 40.4 ± 1.3 ms. For example, the conditioned MEP profile from a subject with an MEP latency of 42.4 ms was shifted to the left by 2 ms. After shifting the profiles (by 2.6 ± 0.7 ms on average), the values on the curves were averaged at the original ISI values of 20, 30, 32.5 ms, etc., all the way up to 100 ms. In the example subject, the interpolated values at 22, 32, 34.5 ms and so on were used when calculating the group average. MEP profiles during voluntary contraction (Exp. 2) were not adjusted because the facilitatory window was broader. Similarly, MEP profiles in the SOL muscle in response to PTN stimulation were not adjusted because the variability in SOL MEP latencies across subjects, and probably the variability in the time afferent inputs reached the motor cortex, was much less compared to TN stimulation.
For single pulse MEP and H-reflex data collected with TN stimulation over the range of ISIs used, Friedman analysis of variance (ANOVA) with 'ISI' as within-subject factor was used since the data were non-normally distributed across the intervals. For these data, post hoc comparisons were done using Wilcoxon's test. The recruitment curve data and the paired-pulse data (SICI, ICF, PPF, LICI and I-wave facilitation) were analyzed using two-way repeated measures ANOVAs on either the actual or normalized MEP amplitudes, with post hoc comparisons done using Student's paired t test (two-tailed). Differences in the effect of TN stimulation on brainstem and cortical responses were analyzed using a two-way repeated measures ANOVA with 'site of stimulation' (cortex and brainstem) and 'type of ISI' as within-subject factors. MEP data in SOL collected with PTN stimulation were analyzed using a one-way repeated measures ANOVA with 'ISI' as within-subject factor. The significance level was set at P < 0.05 and data are given as means ± S.E.M.
Results
Experiment 1: time course of afferent conditioning on TA MEPs
Electrical stimulation of the TN at the ankle modified the size of the peak-to-peak TA MEP. The intensity of the test stimulus (70 ± 3% of the maximum stimulator output: MSO) was adjusted to elicit MEP responses on the steep portion of the recruitment curve, which was 0.30 ± 0.04 mV on average in the resting muscle. Figure 1A shows the effect of TN stimulation on the test MEP in a single subject. Stimulating the TN 35 ms before applying a pulse of TMS to the motor cortex depressed the test MEP, whereas a conditioning stimulation at ISIs of 45 and 60 ms facilitated the test MEP. Surrounding these conditioning-test intervals, the MEP showed little change at ISIs of 30 and 80 ms. This trend was similar for all subjects in Fig. 1B , showing individual subject data across all ISIs.
In the averaged group data ( Fig. 1C ; see data analysis in Methods), a Friedman ANOVA showed a significant effect of the ISI (P < 0.001). TA MEPs were significantly depressed at intervals from 32.5 to 37.5 ms (by −55 ± 6% at peak inhibition) and facilitated at 45 and 50 ms (by +123 ± 42% at peak facilitation) (Wilcoxon's test; P < 0.05). All subjects showed a > 20% reduction and a > 20% increase in the MEP at one of the inhibitory and facilitatory ISIs, respectively. MEPs in AH and SOL muscles were also modulated in a parallel manner, showing strong significant inhibition and non-significant facilitation (data not shown). To characterize how TN afferents excite the corticospinal tract, we evaluated its effects on the TMS recruitment curve (Fig. 1D) . Afferent stimulation at an ISI near 50 ms significantly increased MEP responses at TMS intensities of RMT and 110% RMT (P < 0.05). Over these intensities, the MEP was increased by 0.10 ± 0.02 mV on average. To determine whether the MEP inhibition and facilitation shown in Fig. 1 occurred at the level of the cortex and/or the spinal cord, we examined the effect of TN stimuli on the excitability of subcortical networks using both H-reflexes and CMEPs. Because H-reflexes and CMEPs are more readily evoked in the precontracted TA muscle, the effect of afferent stimulation on TA MEPs was repeated during a small voluntary contraction of 10% MVC. The modulation in the MEP was similar in the contracted muscle ( Fig. 2A; see below) . When examining the excitability of spinal interneurons and motoneurons to the The ISI influenced the size of the MEP by producing inhibition at 35 ms, facilitation at 45 and 60 ms, and no sizeable effect at 30 and 80 ms. B, individual subject data at ISIs from 20 to 100 ms. C, to account for each subject's conduction delay, the curves were shifted in time using the latency of the MEP in the AH muscle (see Methods). D, effect of TN stimulation on the TMS recruitment curve. The average RMT was 60 ± 3% MSO and the TN stimulus was delivered at a fixed interval that produced MEP facilitation in each subject. Data are from 8 subjects. MEPs at 150% RMT in D could only be elicited in 6 subjects. Asterisks indicate significant differences compared to baseline without TN stimulation ( * P < 0.05).
TA muscle using the H-reflex, TN conditioning resulted in non-significant changes to the size of the TA H-reflex ( Fig. 2B ; Friedman ANOVA; P = 0.64). At most ISIs, the TN conditioning input had a depressive effect on the H-reflex, though 5 out of 10 subjects revealed a small increase at conditioning-test intervals 5-15 ms longer than the ISIs that first produced MEP facilitation. The small reflex facilitation is shown as arrows for three example subjects in Fig. 2C -E. The size of the average test H-reflex was 0.44 ± 0.05 mV and was smaller than the average test MEP of 0.62 ± 0.05 mV (P < 0.05).
As stated above, the effect of TN stimulation on MEPs was similar in the contracted muscle ( Fig. 2A) , but with the afferent input producing facilitation over a broader window of ISIs during contraction compared to rest. TA MEPs were significantly affected by the conditioning stimulus (Friedman ANOVA; P < 0.005) and were significantly facilitated at ISIs of 45-55 ms (by +145 ± 60% at peak facilitation) (Wilcoxon's test; P < 0.05). This corresponded to intervals that were a few to several milliseconds longer than the average SEP latency (41.5 ± 0.9 ms, n = 9), indicating that MEP facilitation occurred after the arrival of the afferent input at the somatosensory cortex. Prior to the onset of the facilitation, MEPs were depressed at the 35 ms ISI (by -31 ± 5% at peak inhibition) (P < 0.05). Likewise, the size of the MEP in the homonymous AH was modified over a large range of intervals (Friedman ANOVA; P < 0.005), reflecting significant inhibition at 35 ms and a broad facilitatory window from 45 to 90 ms (data not shown). During dorsiflexion, MEPs in the antagonist SOL muscle were also significantly modulated (Friedman ANOVA; P < 0.01) and showed significant facilitation at ISIs of 45 and 55 ms (data not shown). The congruent results described in the three muscles were not likely to be due to cross-talk since the MEP waveforms and latencies differed in each muscle. 
. Effect of TN stimulation on MEPs and H-reflexes
A and B, size of the average peak-to-peak MEP (A) and H-reflex (B) in TA when conditioned by a TN stimulus during background contraction. Data are from 10 subjects.
C-E, individual subject data showing MEP (•) and H-reflex responses (•) and the size of the unconditioned test MEP (black dashed line) and test H-reflex (black dotted line).
The arrows show the increase in the H-reflex that occurred after the initial increase in the MEP response. Asterisks indicate significant differences from the test MEP ( * P < 0.05).
TN conditioning of responses evoked from stimulating the corticospinal tract at the cervicomedullary junction (i.e. CMEPs) were also measured and compared to TN conditioning of MEPs elicited over the motor cortex (Fig. 3) . As shown for the single subject in Fig. 3A , MEP (top traces) and CMEP (bottom traces) responses were equally suppressed at a short ISI (near 30 ms, see legend for details), suggesting that suppression of MEP responses by TN stimulation at this ISI occurred at a subcortical site. In contrast, TN stimulation near 55 ms prior to stimulating the brainstem failed to facilitate the CMEP, even though the cortical MEP was facilitated by +115%, suggesting that MEP facilitation at this longer interval occurred at a cortical site. In the group data (Fig. 3B) , a two-way repeated measures ANOVA showed a significant interaction effect between 'stimulation site' (cortex and brainstem) × 'type of ISI' (inhibitory and facilitatory ISIs) (F 1,4 = 17.65, P < 0.05). At the facilitatory ISI, the conditioned MEP was significantly larger than the conditioned CMEP (P < 0.05), the latter in fact being suppressed compared to the unconditioned CMEP. At the inhibitory ISI, there was no significant difference in the size of the conditioned MEP compared to the conditioned CMEP (P = 0.7), and both responses were significantly reduced compared to 100% (P < 0.05). Average test MEP and CMEP amplitudes were 0.66 ± 0.07 mV and 0.58 ± 0.15 mV, respectively, and were not significantly different.
Experiment 3: intracortical mechanisms of afferent-induced MEP facilitation
Because MEP facilitation at the longer ISIs is likely to be cortical in origin (re Exp. 2), we evaluated the influence of the afferent inputs on the excitability of intracortical circuits. First, the amount of SICI and ICF was examined when the TN stimulus was timed to arrive at the motor cortex at the same time as the test pulse. 
Figure 3. Effect of TN stimulation on MEPs and CMEPs
A, average TA MEPs (top traces) and CMEPs (bottom traces) in a single subject when conditioned by a preceding TN stimulus. MEPs are depressed at the inhibitory 30 ms ISI (middle top) and potentiated at the facilitatory 55 ms ISI (right top), whereas the CMEPs elicited by an appropriately timed brainstem stimulus (BS) were depressed (bottom traces). B, group data from 5 subjects showing the effect of TN stimulation on MEPs (black bars) and CMEPs (white bars) in the contracted TA muscle. The inhibitory and facilitatory ISIs were near 35 and 50 ms, respectively, and were different for each subject. MEPs and CMEPs were both significantly reduced at the inhibitory ISI. Asterisks indicate significant differences in the size of the MEP compared to the CMEP ( * P < 0.05).
for details), TN stimulation reduced SICI and increased ICF (Fig. 4A ). Normalizing the data by the test MEP size (Fig. 4B) , there was a significant interaction effect between 'condition' (without and with TN stimulation) and 'ISI' (two-way ANOVA: F 1,4 = 26.81, P < 0.01). The afferent input reduced SICI from 69 to 43% (P < 0.05) and increased ICF from 179 to 215% (P < 0.05).
The effect of TN stimulation on PPF and LICI was also examined in the resting TA muscle. In unconditioned trials (Fig. 4C, filled circles) , paired pulses of suprathreshold TMS produced a sequence of strong MEP facilitation (> 200%) at PPF intervals of 10-40 ms followed by a suppression of test MEP responses at LICI intervals of 60-150 ms, as shown previously (Wassermann et al. 1996; Nakamura et al. 1997) . When the second cortical stimulus (test stimulus) was conditioned by an appropriately timed TN stimulation, there was enhancement of the MEP response at select intervals from 40 to 80 ms (Fig. 4C, grey  circles) . When the size of the test MEP was matched in the conditioned trials (TS-ADJ, see legend), a two-way repeated measures ANOVA showed a significant interaction effect 'condition' × 'ISI' (F 12,84 = 2.96, P < 0.005) showing that neuronal populations mediating PPF or LICI were affected by the afferent input (Fig. 4C, triangles) . Post hoc paired t tests showed significant MEP facilitation at the 60 ms ISI (grey triangles) and half of the subjects still showed a > 20% increase at 70 and 80 ms. To test LICI at conditioning intensities that did not fully depress the MEP, the conditioning stimulus at 100 ms was decreased so that the MEP was depressed by only 40-60%. Using was given at a fixed interval of 40-55 ms before the test TMS pulse. The broken line in C represents the size of the average test MEP. D, LICI at an ISI of 100 ms was evaluated using a weaker conditioning stimulus which produced 40-60% inhibition. Data are from 5 subjects in (A and B) and 8 subjects in (C and D) . Asterisks or grey symbols indicate significant differences compared to baseline without TN stimulation ( * P < 0.05, * * * P < 0.005).
equal-sized test MEPs (Fig. 4D) , there was no effect on LICI following the afferent stimulus (P = 0.6).
To estimate the effect of afferent excitation on the recruitment of cortical inputs producing the descending corticospinal volleys, or I-waves from TMS, we examined the effect of TN stimulation on MEP facilitation at the I-wave periodicity. TN stimulation facilitated MEP responses at ISIs of 1.5, 2.7 and 4.9 ms, probably corresponding to the peak I-wave activity (Fig. 5A) . Facilitation persisted when the size of the test MEP was matched to levels without afferent stimulation (TS-ADJ, see legend). When the data were normalized to the test MEP (Fig. 5B, white bars) , a two-way repeated J Physiol 586.17 measures ANOVA showed a significant 'condition' effect (F 1,5 = 15.06, P < 0.05), revealing that the TN stimulus modified the amount of MEP facilitation at the I-wave periodicity. Compared to the pre-TN condition (baseline), facilitation using the adjusted test MEP size was significantly enhanced at ISIs of 1.5, 2.7, 4.9 ms (all P < 0.05) with 5 out of 6 subjects showing an average > 20% increase. Intervals between the three presumed I-wave peaks (i.e. 2.1 and 3.7 ms) were non-significantly enhanced (all P > 0.09).
Experiment 4: Effect of PTN stimulation on SOL MEPs
The profile of inhibition and facilitation of SOL MEPs following stimulation of the PTN at the knee was similar to that measured in the TA muscle in response to TN stimulation at the ankle. Figure 6A shows the effect of the PTN stimulus on SOL MEPs in all the subjects. In the averaged group data (Fig. 6Ba) , there was significant effect of the peripheral input on the SOL MEPs (two-way ANOVA: F 11,77 = 5.61, P < 0.001) and MEPs were significantly increased at ISIs of 45-60 ms (P < 0.05). In Fig. 6Bb , a larger number of conditioning-test intervals between 24 and 40 ms were examined and there was a significant effect of the 'ISI' over these inhibitory intervals (one-way ANOVA: F 9,36 = 3.65, P < 0.005) with post hoc t tests showing significant MEP depression at intervals of 24-30 ms (P < 0.05). The facilitatory PTN input also altered the recruitment curve in the SOL muscle ( Fig. 6C ; two-way ANOVA: F 10,70 = 2.66, P < 0.01). Conditioning the SOL MEP at low TMS intensities, ranging from 88% to 96% RMT, significantly increased MEP amplitudes by Effect of TN inputs on MEP facilitation at the I-wave periodicity in the TA muscle. Experimental details are described in the caption of Fig. 4 . Data are from 6 subjects. Asterisks indicate significant differences compared to baseline without TN stimulation ( * P < 0.05, * * P < 0.01).
41 ± 13 μV on average (P < 0.05). In contrast, at high TMS intensities (≥ 116% RMT), MEPs in the SOL muscle tended to be slightly, but not significantly, depressed by the peripheral stimulus.
Discussion
In agreement with previous studies, MEP responses in lower limb muscles were both suppressed and increased by a preceding sensory nerve stimulus depending on the conditioning-test interval that was used (Deletis et al. 1992; Kasai et al. 1992; Nielsen et al. 1997) . Similar time-dependent changes were observed in muscles with heteronymous (TN→TA and SOL) and homonymous (TN→AH; PTN→SOL) nerve activation. A novel finding was that the facilitation of corticospinal tract connections was only enhanced when activated at the cortex and not at the pyramidal decussation, supporting the evidence that MEP facilitation was cortical in origin. We further show that the MEP facilitation was associated with afferent-induced depression of intracortical inhibitory circuits (SICI) and facilitation of putative intracortical excitatory circuits (ICF). The present data further suggest that sensory afferents from the leg have access to excitatory cortical networks that synapse close to pyramidal tract neurons as evidenced from increases in paired pulse facilitation at early, as well as middle and late cycles of I-wave periodicity. Finally, responses elicited from stimulation to the motor cortex and brainstem by conditioning afferent inputs at short ISIs (near 35 ms) were depressed to a similar degree suggesting that afferent-induced depression of MEPs (i.e. SAI in leg) mainly occurs via a spinal mechanism. We discuss below that afferent inputs from the leg have a mainly excitatory and diffuse action on the leg area of the primary motor cortex.
Site of sensory afferent induced facilitation of the MEP
The evidence from direct corticospinal tract stimulation suggests that afferent-induced MEP facilitation at ISIs between 45 and 55 ms occurs through cortical mechanisms since responses were only facilitated when elicited over the motor cortex and not at the pyramidal decussation in the brainstem, which is thought to recruit similar descending corticospinal axons . In fact, TN stimulation at an ISI near 50 ms markedly depressed the CMEP (Fig. 3B) , and thus the magnitude of TN facilitation of descending volleys evoked from . The TN stimulus was given at a fixed conditioning-test interval that produced MEP facilitation in each subject, based on A. The TMS intensity is expressed as a percentage of the RMT in SOL, which was 67 ± 3% MSO on average. Data in A and C are from 8 subjects. Asterisks indicate significant differences compared to the test MEP (B) and between the two conditions (C) ( * P < 0.05).
TMS over the motor cortex was probably underestimated because of the simultaneously occurring spinal inhibition. Similar decreases in evoked responses from transcranial electric stimulation have been reported when the sural nerve is stimulated 50 ms earlier (Nielsen et al. 1997) .
Further evidence supporting a lack of MEP facilitation by spinal networks at ISIs near 50 ms was provided by the lack of TA H-reflex facilitation by TN stimulation (Fig. 2B) , assuming that there was some degree of overlap between H-reflex and corticospinal tract inputs onto TA motoneurons (Morita et al. 1999; Petersen et al. 2002) . It is interesting that in several subjects there was an abrupt, but small, recovery in the size of the H-reflex at conditioning intervals that were 5-15 ms longer than the intervals that first produced the MEP facilitation. This increase probably involves contributions from the transcortical reflex loop (Nielsen et al. 1997) and requires several J Physiol 586.17 extra milliseconds for the afferent input to depolarize and activate pyramidal tract neurons. Finally, the latency of the MEP facilitation is also consistent with a cortical mechanism because the shortest conditioning-test interval that facilitated each subject's MEP was on average 4.1 ± 1.4 ms longer than the latency of the respective somatosensory evoked potential from TN stimulation (41.5 ms). This suggests the presence of an afferent pathway that passes through the somatosensory cortex to the motor cortex and corroborates a previously reported central processing delay of 4-10 ms (Nielsen et al. 1997; Petersen et al. 1998; Mrachacz-Kersting et al. 2007 ).
Site of sensory afferent induced inhibition of the MEP
With both TN and PTN stimulation, there was a period of MEP inhibition that preceded the facilitatory window analogous to SAI in the hand (Tokimura et al. 2000) . However, unlike SAI in the hand, the inhibition of MEPs in leg muscles was probably not mediated by afferent inhibition of cortical networks given that TN stimulation equally depressed brainstem and cortically evoked responses in the TA muscle. SAI in the hand at an ISI of 20 ms is in line with a fast thalamo-cortical pathway (Tokimura et al. 2000; Kessler et al. 2005) . If cortical in origin, inhibition of leg MEPs with TN stimulation occurring at ISIs near 35 ms would also have to go through a fast thalamo-cortical route because the latency for afferent inputs to the sensory cortex was 40 ms or more (see above). A spinal postsynaptic mechanism is more likely given recent findings where TMS and PTN inputs inhibit the SOL H-reflex to the same degree when delivered at an ISI of 30-40 ms (Poon et al. 2008) . Because the amount of inhibition was the same for the two different conditioning presynaptic inputs, the common depression is likely to be occurring at a postsynaptic site. For instance, in conditioning of MEP responses, the motoneurons that are first activated by the peripheral stimulus are likely to be in a state of refractoriness when the descending corticospinal inputs arrive 30-40 ms later. Although the brainstem stimulation and H-reflex data provide strong arguments for a spinal mechanism, it is nonetheless possible that SAI might not be as prominent in the contracted muscle given that suppression of the TA MEP was less pronounced in the active muscle (-31 ± 5%) compared to rest (-55 ± 6%). Thus, it would be worthwhile to record from epidural electrodes over the spinal cord to examine whether any of the descending corticospinal volleys are in fact depressed by the leg afferents at these short ISIs (Tokimura et al. 2000) .
Effect of afferent input on cortical circuits
The activation of cortical networks by afferent inputs from the leg was also demonstrated by the modification of SICI and ICF by TN stimulation. At an ISI that produced MEP facilitation in the TA muscle, SICI was decreased and ICF was increased, suggesting that increases in MEP responses by peripheral nerve stimulation were mediated by a decrease in the activation of inhibitory cortical networks and an increase in the activation of excitatory cortical networks. However, there has been some question as to whether ICF at 10 ms (used in this study) is in fact mediated by cortical networks given that descending volleys evoked from ICF at 10-15 ms are not altered despite increases in the size of the MEP (Di Lazzaro et al. 2006 ). Because the brainstem and H-reflex data show that the site of afferent-induced MEP facilitation in the leg is mainly cortical in origin, the fact that ICF was increased by afferent inputs suggest that the neurons mediating ICF at 10 ms are indeed cortical in origin. When probing the excitability of neuronal populations mediating PPF and LICI, MEPs of large amplitude (∼1.5 mV) were produced at ISIs of 10-40 ms followed by inhibition starting at 60 ms. When comparing MEPs at intervals exhibiting maximal PPF, the afferent input produces little enhancement in the MEP response (except at 40 ms). This is potentially due to a ceiling effect as the recruitment curve data indicate that TA MEPs > 0.5 mV on average were not enhanced by the sensory input. At longer ISIs, the afferent excitation increased the size of the MEPs normally susceptible to long-interval inhibition. The observed MEP facilitation at the 60 ms ISI, evaluated using a matched test MEP, could have arisen either by a direct disinhibition of LICI networks or by a prolongation of the PPF window by the afferent input. To further examine this question, we tested LICI at a longer 100 ms ISI when the MEP was only partially depressed by the conditioning TMS pulse. In such a case, LICI was unchanged by the peripheral stimulus. Hence, it seems likely that continued activation of PPF neurons triggered from the first TMS pulse could have been potentiated by afferent inputs arriving more than 80 ms later to facilitate the second MEP. This result may also elucidate the underlying mechanism behind our previous findings where repetitively pairing cortical and peripheral nerve inputs in an intervention of paired-associative stimulation (PAS) facilitated MEPs in lower leg muscles when afferent inputs arrived at the motor cortex up to 90 ms after the TMS pulse (Roy et al. 2007 ).
Effect of afferent input on I-wave facilitation
In the upper and lower limb, the effect of afferent excitation on I-wave facilitation has not been reported previously. In the present study, afferent inputs potentiated the amount of MEP facilitation at early (1.5 ms), middle (2.9 ms) and late (4.9 ms) intervals of I-wave periodicity. On the basis that MEP facilitation reflects the periodicity of indirect waves (i.e. I1, I2, I3 waves) initiated by the first TMS pulse (Di Lazzaro et al. 1999; Hanajima et al. 2002) , the facilitation of the MEP at an ISI of 1.5 ms suggests that afferent inputs synapse onto interneurons that can potentiate the earlier descending volleys. Excitatory inputs from hand afferents are likely to also activate interneurons that enhance the early I-wave cycle but this remains to be tested. So far only a reduction of I-wave facilitation at 1.5 ms has been reported following stimulation of the digit, which further depresses the MEP (Zittel et al. 2007 ). Similar to hand afferents, leg afferents also access more distant cortical interneurons as evidenced by MEP facilitation at 2.9 and 4.9 ms intervals and by the modification of SICI, which preferentially reduces the size of later I-wave inputs onto corticospinal neurons (Nakamura et al. 1997; Di Lazzaro et al. 1998; Hanajima et al. 1998 ).
Physiological considerations
We have shown that cortical excitability is enhanced using afferent stimulation from the lower leg in a manner consistent with the transcortical loop of the long-latency reflex. Interestingly, the afferent facilitation of the leg motor cortex was predominantly non-specific and diffuse, occurring from stimulation of mixed nerves supplying both homotopic (TN→AH; PTN→SOL) and distant heterotopic (TN→TA and SOL) muscles. This is in contrast to the upper limb where the facilitation of the motor cortex by peripheral nerve stimulation, even of mixed nerves, is more muscle specific (Classen et al. 2000; Aimonetti & Nielsen, 2001; Tamburin et al. 2001) . Further studies are required to determine if more specific activation of leg muscle afferents by vibration produces more focal, or even inhibitory, activation of cortical networks as has been shown in the wrist and hand Rosenkranz & Rothwell, 2003) . Moreover, afferent activation of the leg motor cortex is predominantly excitatory, potentially mediated by both disinhibition and potentiation of excitatory intracortical circuits. In trauma such as spinal cord injury, much of this facilitation is likely to be abolished due to damage of ascending connections . As afferent sensory input from the leg is important for lower limb motor function such as standing and walking (Thoumie & Do, 1996) , motor dysfunction after spinal cord injury may result not only from disruption of descending efferents but also from a lack of afferent-induced facilitation of cortical motor networks. Thus, regulating the amount of sensorimotor integration may be important in enhancing motor rehabilitation following injury to the central nervous system. Based on the present results, SICI and ICF may be involved in shaping these changes when muscle afferent input is provided from the lower leg.
